Achieving high selectivity for high volume chemical synthesis is important for lowering energy consumption through reduction in waste. We report the selective synthesis of methyl esters-methyl acetate and methyl butyrate-through catalytic O 2 -assisted cross-coupling of methanol with ethanol or 1-butanol using activated, support-free nanoporous gold (npAu). Both well-controlled studies on ingots in UHV and experiments under ambient pressure catalytic conditions on both ingots and microspherical hollow shell catalysts reveal guiding principles for controlling selectivity. Under UHV conditions, the ester products of the cross-coupling of methanol with both ethanol and 1-butanol evolve near room temperature in temperature-programmed reaction studies, indicating that the reactions occur facilely. Under steady-state catalytic operation, high stable activity was observed for cross-coupling in flowing gaseous reactant mixtures at atmospheric pressure and 423 K with negligible combustion. Optimum selectivity for cross-coupling is obtained in methanol-rich mixtures due to a combination of two factors: (1) the relative coverage of the respective alkoxys and (2) the relative facility of their b-H elimination. The relative coverage of the alkoxys is governed by van der Waal's interactions between the alkyl groups and the surface; here, we demonstrate the importance of these weak interactions in a steady-state catalytic process.
Introduction
Achieving high selectivity for catalytic processes increases energy efficiency and reduces waste in chemical synthesis, which is especially important for high volume chemicals [1] [2] [3] [4] [5] . Low molecular weight methyl esters serve as platform chemicals for further synthesis as well as basic elements of various consumer products, and there is potential for substantial improvement in their production. Ideally, methyl esters would be selectively produced above all other products and combustion, in particular, would be suppressed.
Herein, we establish a foundation for understanding and predicting selectivity for Au-catalyzed methyl ester synthesis that spans a wide range of reaction conditions. Specifically, we demonstrate that the competitive adsorption between methanol and longer-chain alcohols to form their respective alkoxides is key for determining reaction selectivity. The selectivity is directly controlled by the surface coverages of respective alkoxides, which is determined by the composition of alcohols in the gas phase and the surface binding energies of their alkoxides. The binding energies of alcohols to the surface are not factors in this relationship. The dependence of this competition on chain length is attributed to the contribution of weak van der Waal's interactions between the alkyl chain and the catalyst surface [6] .
Gold-based catalysts have been shown to be effective for selective oxidation of alcohols [3, 4, [7] [8] [9] [10] [11] [12] [13] [14] , including the production of methyl esters [3, 4, 8, [10] [11] [12] 14, 15] , providing a promising route to sustainable synthesis. Nanoporous Au (npAu) has been demonstrated to promote selective oxidative coupling of methanol to methyl formate [10] , and more recently, coupling of ethanol and 1-butanol to ethyl acetate and butyl butyrate, respectively [11, 15] . These processes use O 2 as an oxidant and require relatively mild conditions ( detailed investigation of the more complex coupling of methanol with longer-chain alcohols (ethanol or 1-butanol) in order to understand how to enhance and control selectivity for methyl ester production. A new activation procedure [15] that improves the reproducibility of the npAu catalyst performance was key to the studies described herein, because it allows for the systematic investigation of reactivity over vast pressure ranges.
The fundamental underpinnings for controlling selectivity for the partial oxidation and oxygen-assisted coupling of mixtures of methanol and other alcohols have been established by mechanistic investigations of Au(1 1 1) [16] [17] [18] . All primary alcohols investigated are oxidized through the same general mechanism, which requires atomic oxygen for activation of the alcohols, as illustrated for ethanol oxidation in Scheme 1. Key to this reaction is the activation of the O-H bond in the alcohol by adsorbed atomic oxygen to form the adsorbed alkoxy intermediate and the subsequent b-C-H bond activation in the alkoxy to yield the aldehyde, which reacts further with the adsorbed alkoxy. The selectivity for oxidation of a pure alcohol, such as ethanol, thus depends on the initial coverage of atomic oxygen and on the chain length of the alcohol. Specifically, selective oxidation is favored over combustion at low oxygen coverage [17] [18] [19] ; at constant oxygen coverage, the amount of aldehyde formed increases with the length of the alkyl chain due to greater ease of b-C-H bond activation [16, 20] . This general mechanism for oxidative coupling of alcohols has been demonstrated to be operative under operating catalytic conditions for npAu catalysts [10, 11] , as well as on single-crystal Au surfaces.
The more complex process of cross-coupling methanol with other primary alcohols also has been demonstrated to occur readily on O/Au(1 1 1) [16, 20] . In such a case, the reactant alcohols both react with adsorbed O in a competitive fashion. Cross-coupling then occurs via reaction of one alkoxy with the aldehyde produced by the other. Optimum selectivity for cross-coupling requires that the relative concentrations of the dissimilar adsorbed alkoxy species be controlled. Thus, the competition between the reactant alcohols for reactive sites on the gold is a critical factor; the number of active sites is determined by adsorbed O.
Using Au single crystals, it was demonstrated that the relative population of the different alkoxy species on the surface is determined by their alkyl chain lengths-longer-chain alkoxides compete more effectively for active sites. The underlying reason for this is a pre-equilibrium that determines the relative concentration of the alkoxides, illustrated for methanol and ethanol in Scheme 2. The preference for binding of longer-chain alkoxides on gold is attributed to stronger interactions of the alkyl group with the surface via van der Waal's forces based on theoretical studies [6] .
In this paper, we test these principles for a functional catalytic material, npAu, under a wide range of reaction conditions, spanning ultrahigh vacuum to atmospheric pressure. We establish that the same reaction mechanism applies on npAu and Au single crystals; thus, the selectivity for production of the methyl esters is controlled by the same factors under working catalytic conditions as in the model studies, including the competition for sites between the reactant species on the more complex catalytic material. This further establishes the predictive value of fundamental investigations for catalytic processes and specifically demonstrates the importance of van der Waal's interactions in determining selectivity.
Experimental

Catalyst materials
Two different forms of npAu were investigated in this work-ingots ($5 mm diameter; 200-300 lm thick, BET surface area 4.6 m 2 g
À1
) and spherical hollow shells ($8 lm diameter;
$400 nm thick shell, BET surface area 7.2 m 2 g
). The synthesis of these materials is described in detail elsewhere [10, 11, 15] . The bulk Ag content of these materials is $3% and $1.5% for the ingots and shells, respectively, determined using EDS. The surface silver
(a) (b)
concentration on the ingot and shells was measured to be 10 at.% and 6 at.%, respectively, using XPS. The as-prepared ingots and shells have average ligament diameters of 50 ± 10 nm and 80 ± 20 nm and average pore sizes of 50 ± 20 and 80 ± 20 nm, respectively, determined from analysis of SEM images ( Fig. S1 and Table S4 ). All catalyst materials were subjected to an activation process that yields reproducible and sustained activity of both the npAu ingots and shells, described elsewhere [15] . Briefly, the catalyst materials were activated under a flow of 30 g/Nm 3 of ozone in a 50% O 2 /He gas mixture at a total flow rate of 50 mL/min at 423 K in a flow reactor for $1 h. This procedure does not lead to any significant changes in the ligament size or structure. This procedure yields a very stable and reproducibly active material. After reaction in the flow reactor, the three-dimensional network morphology was largely maintained but the ligament size for both ingots and shells increases up to ca. 100-250 nm and the surface area decreases to $3 m 2 /g for the ingots and $0.7 m 2 /g for the shells.
Ultrahigh vacuum experiments
All ultrahigh vacuum (UHV) experiments were performed on npAu ingot samples in a chamber with a base pressure <5 Â 10 À10 Torr. The npAu sample was cleaned using ozone treatment, described elsewhere [21] . Subsequent to cleaning, the npAu was active for dissociation of O 2 [21] . Controlled exposure of the npAu to O 2 at 300 K was used to produce a coverage of atomic oxygen of 10 ± 2% of saturation coverage using an established procedure [21, 22] .
Reactant alcohols, mixtures of methanol and either ethanol or 1-butanol, were prepared as liquid mixtures with different relative concentration of the two alcohols. The mole fraction of methanol was varied between 0 and 1.0 and determined by condensing the mixture on clean npAu, which is not reactive, at low temperature (130-150 K). Temperature-programmed desorption was used to quantify the relative concentrations of the two alcohols dosed onto the surface, similar to the procedure used for single crystals [16] . The alcohol mixtures were introduced to the npAu ingot using a directed doser with an enhancement factor of $50 [23] ; the doses cited are based on the background pressure rise during gas introduction and corrected for this enhancement and are stated in Langmuir (1 L = 10 À6 torr sec). Reactivity studies were performed by first adsorbing atomic O at 300 K, cooling to 130 K, exposure to the alcohol mixtures and subsequent temperature-programmed reaction. The oxygen coverage was controlled by adjusting the time of exposure of O 2 based on a calibration curve (Fig. S2) . Temperature-programmed reaction experiments were conducted according to well-established protocols [24] . The heating rate for all experiments was nearly constant at 3 K s À1 . Reaction products were identified by quantitative mass spectrometry (Hiden HAL/3F) using fragmentation patterns obtained from authentic samples (Supporting Information).
Catalytic experiments in flow reactors
The catalytic experiments were performed in a conventional fixed-bed microreactor using both the npAu ingot samples and the npAu shells. The catalysts were cooled to 323 K after activation by ozone treatment and then ramped from 323 to 423 K (10 K/min) in a flow of 10% methanol and 20% O 2 in He (50 mL/min). The activity of the npAu catalysts for the self-coupling of methanol was allowed to stabilize ($12 h) before the cross-coupling experiments were begun. All experiments were conducted at a total flow rate of 50 mL/min and a temperature of 423 K unless otherwise stated. For the experiments with ingots, the concentration of different alcohols in the reaction mixture was adjusted via their vapor pressure, by guiding the saturated He gas stream (at around 22°C) through a coiled condenser. The vapor pressure at different temperatures was calculated using the KDB database (Korea Thermophysical Database). In the case of the npAu shells, the alcohols were introduced via syringe pump injection into a heated line on the reactor, and the relative gas phase compositions of the different alcohols were adjusted by varying the composition of the liquid alcohol mixture in the syringe, taking into account the different vapor pressures when calculating the ratio of alcohols and the injection rate.
The stream of gases at the exit of the reactor was monitored online by a gas chromatograph (Agilent 7890A series, Column HP-Plot/Q and GS-CARBONPLOT) coupled with a mass spectrometer (Agilent 5975C series, inert MSD with triple-axis detector). No reactions were detected in the absence of the npAu catalyst under the conditions studied in the present work. Nor were products observed in the absence of dioxygen in the reactant mixture. More details about the data analysis including the derivation of conversion and selectivity can be found in the Supporting Information.
Results
Reactivity of npAu ingots in ultrahigh vacuum
Selective oxidation of a mixture of methanol and either ethanol or 1-butanol, including production of the methyl esters, is promoted on npAu precovered with adsorbed atomic O (0.1 saturation coverage) under ultrahigh vacuum conditions; no reaction occurs on clean npAu. Adsorbed atomic oxygen was formed via exposure of O 2 (p = 10 À9 torr) to the catalyst at 300 K [21, 25] . The alcohol mixtures were dosed such that there is a slight excess of the alcohols. Under these conditions, there was no residual oxygen detected in temperature-programmed desorption; atomic O recombines above 500 K to yield O 2 , and none was observed.
A complex mixture of products form during temperatureprogrammed reaction with the product distribution depending upon the ratio of the alcohols. The products formed from reaction of methanol with ethanol are methyl formate, ethyl acetate, methyl acetate, CO 2 , H 2 O and H 2 , and perhaps a trace of acetaldehyde (near 300 K), as illustrated for a 85:15 mixture of CH 3 OH and C 2 H 5 OH (Fig. 1a) . No ethyl formate was detected for any mixture studied. The onset of reaction is below 300 K, based on the evolution of water and H 2 commencing at 180 and 210 K, respectively ( Fig. 1 ). All three ester products evolve at $300 K (Fig. 1a) . In the case shown, the esters account for 90% of the product yield; the yields of the various esters formed are 53% methyl acetate, 29% ethyl acetate, and 8% methyl formate. Under these conditions, CO 2 accounts for only 10% of the products.
An analogous set of products was formed during temperature-programmed reaction of mixture of methanol (0.85) and 1-butanol (0.15) on O/npAu (O $0.08 saturation coverage) (Fig. 1b) . The esters-methyl butyrate, butyl butyrate, and methyl formate-are produced at 345 K, 385 K, and 290 K, respectively. Butyraldehyde is also formed in a broad peak between 320 and 370 K; H 2 , H 2 O, and CO 2 are the other products (Fig. 1b) . The product distribution is significantly different than for the ethanol case, however. In particular, the overall yields of the esters are lower, accounting for only $28% of the products, compared to 90% ester production from the methanol/ethanol mixture at the comparable composition. Furthermore, butyl butyrate only accounts for $1% compared to 29% for the analogous product from ethanol, ethyl acetate. Methyl butyrate and methyl formate are formed in a ratio of 2.9:1, total accounting for 27% of the products. The other major differences for the reactions of 1-butanol are that the aldehyde, butyraldehyde, accounts for 24% of the product yield with CO 2 produced in 49% yield. For both ethanol and 1-butanol, the simultaneous formation of CO 2 and H 2 near 400 K is typical of formate decomposition on silver surfaces [26, 27] .
The product distribution for oxidation of the alcohol mixtures over the O/npAu ingot strongly depends on the methanol mole fraction in the two mixtures (Fig. 2) . A significant excess of methanol ($0.9 mole fraction) is required to achieve optimum selectivity for formation of the methyl ester for cross-coupling with ethanol ( Fig. 2) . At low methanol mole fractions, self-coupling of ethanol dominates reactivity. Roughly equal amounts of methyl acetate and ethyl acetate form at a methanol mole fraction of 0.6. Methyl acetate becomes the predominant product at a methanol mole fraction of 0.9 although non-negligible amounts of the self-coupled methanol product, methyl formate, also form at this methanol mole fraction.
The key conclusions of these investigations on npAu ingots under ultrahigh vacuum conditions are that (1) atomically adsorbed oxygen is required for initiation of these selective oxidation processes and (2) the variation in product distribution is similar to those measured on O-covered Au(1 1 1) [16] .
Steady-state catalytic studies of npAu at atmospheric pressure
Selective oxidation of binary gaseous mixtures of methanol/ethanol or methanol/1-butanol at atmospheric pressure using npAu catalysts and O 2 as an oxidant also yields a complex mixture of products, including the methyl esters. The products formed from the methanol/ethanol reaction are acetaldehyde, methyl acetate, ethyl acetate, and methyl formate as shown for a 0.7:0.3 mixture of methanol and ethanol (Figs. 3a and S3 ). Ethyl formate may also be formed when ethanol is in excess (Fig. S4) . The products of the methanol/1-butanol reaction are butyraldehyde, methyl butyrate, butyl butyrate, and methyl formate as illustrated for a 0.7:0.3 mixture of methanol/1-butanol ( Fig. 3b; see also Fig. S5 ). No butyl formate, CO 2 , organic acids, or formaldehyde was detected in any of the experiments. The activity of the catalysts is stable over many hours of operation at 423 K as illustrated for a npAu ingot (Fig. 3) .
The behavior of the npAu ingots and hollow shells is very similar. Both samples have comparable mass-specific reaction rates (Table 1) . However, the surface-area-specific reaction rate for the npAu hollow shells exceeds that of the ingot sample by a factor of $5. We attribute this difference to moderate pore diffusion limitations in the case of the ingots [28] ; no such limitations are expected for the thin hollow shells despite the relatively high ethanol conversion, i.e., 21%. The estimated TOF of ethanol conversion based on the total surface area of the npAu shells (0.28 s
À1
) is comparable to that reported for ethanol oxidation on a Au/SiO 2 catalyst (0.36 s À1 at 200°C, Au particle size 15 nm) [29] . However, it is believed that only surface silver activates O 2 . Based on the surface concentration of silver, the TOF number would be approximately 5 s
. Nevertheless, the dependence of the product distributions on methanol mole fraction is essentially the same for similar reaction conditions (see Figs. 4 , 5, S6, and S7). 
Methanol mole fraction
Ethyl Acetate Methyl Acetate Methyl Formate Fig. 2 . Relative selectivity of different esters formed via self-coupling and crosscoupling (methyl formate, ethyl acetate, and methyl acetate, with no detectable ethyl formate) in the methanol-ethanol reaction under UHV conditions as a function of methanol mole fraction. Each point represents a TPRS experiment for methanol and ethanol cross-coupling. Dioxygen was dosed at 300 K to achieve 10% saturation and then cooled to 180 K where alcohol mixtures with the specified methanol mole fraction was dosed for 2 L. No aldehyde was detected.
The product distributions strongly depend on the ratio of methanol to the longer-chain alcohol in a pattern quite similar to those measured on the npAu ingot in ultrahigh vacuum (Figs. 2,  4 and 5). At the low methanol mole fraction (<0.20), production of the respective aldehyde-acetaldehyde from ethanol or butyraldehyde from 1-butanol-is predominant accounting for $60% and 80% of the products. Ester formation is observed at higher methanol fraction with the selectivity increasing monotonically for both the methanol/ethanol and methanol/1-butanol mixtures (Figs. 4 and 5) . Concomitantly, aldehyde production falls. The selectivity for formation of the methyl esters (methyl acetate and methyl butyrate) is a maximum for a methanol mole fraction of $0.9 for methyl acetate and 0.95 for methyl butyrate-the former being essentially the same mole ratio required for optimal selectivity for methyl ester formation under ultrahigh vacuum conditions on the npAu (Fig. 2) . At a methanol mole fraction near 0.9, the production of methyl formate sharply increases and aldehyde production falls for both cases. Comparable results were obtained with the npAu shell samples (423 K, see Figs. S6 and S7). Note that the conversion of ethanol and 1-butanol also changes with the methanol mole fraction. With a fixed total concentration of alcohols, higher conversions of both ethanol and 1-butanol were observed at larger methanol fractions.
Reaction selectivity is relatively insensitive to variation in O 2 concentration for both the methanol/ethanol and methanol/ 1-butanol reactions (Fig. 6 ). Data were obtained for a methanol mole fraction, v, of 0.7, where acetaldehyde (butyraldehyde), methyl acetate (methyl butyrate), and ethyl acetate (butyl butyrate) are all significant products (Figs. 4 and 5) . The conversion of 1-butanol was constant at 20% for O 2 concentrations above 5 vol.%; between 3 vol.% and 1 vol.%, it decreased to 10% (Fig. S8b) . These results indicate near saturation of the sites available for oxygen binding at oxygen partial pressures above 3 vol.% oxygen in the reactant mixtures. In addition, the selectivity of various products is only weakly affected even when the activity is limited by oxygen supply at very low O 2 concentrations.
The dependence of the selectivities and conversion on total alcohol concentration was also studied. The conversion of ethanol decreases from 28% to 11% as the total alcohol concentration (methanol + ethanol) is increased from 1% to 13% (Fig. S9a) . Similarly, the conversion of 1-butanol decreases from 30% to 15% as the total alcohol percentages increases from 1% to 12% ( Fig. S9b) . The steady decline in alcohol conversion can be attributed to a lack of sufficient adsorbed oxygen for activation of the alcohols, in agreement with the requirements of the catalytic cycle (Scheme 1). Over this same range of total alcohol concentrations, there is a decrease in aldehyde formation and a corresponding increase in the production of methyl acetate and ethyl acetate or methyl butyrate and butyl butyrate (Fig. 7) . These changes are also consistent with the mechanism (Scheme 1); as the alcohol concentration is lowered, the surface concentration of alkoxy species decreases, and the kinetically first-order hydrogen elimination from the alkoxy to yield the aldehyde (followed by its rapid desorption) becomes more favored over the second-order reactions among the alkoxy species necessary to yield the esters.
Discussion
The TPRS measurements (Fig. 1 ) reveal a strong influence of silver at the surface. As noted previously, dioxygen is not activated by extended gold surfaces, and its activation has been attributed to the presence of silver at the surface of the npAu [30] [31] [32] [33] . The desorption of molecularly chemisorbed oxygen and the recombinative desorption of oxygen adatoms occur on this surface, analogous to the behavior seen on single-crystal silver surfaces [34, 35] . However, the temperature at which these events occur on the npAu are indicative of the effects of metal alloying [36] . The data strongly suggest that adsorbed atomic oxygen is formed via dissociation of a chemisorbed molecular oxygen state associated with silver or modified silver sites at the surface.
Further, as noted in Results, the evolution of CO 2 and H 2 near 400 K resulting from the coadsorption of methanol and ethanol on O/npAu is characteristic of formate decomposition on Ag, not Au, surfaces [19, 27, 37] ; in fact, the evolution of H 2 is also indicative of reactions of these species on clean silver, but not clean gold surfaces [19, 27, 37, 38] . In sharp contrast, alcohol coupling, aside from methanol self-coupling, is not observed on silver, either single-crystal silver surfaces [39] or nanoporous silver catalysts [40] . The activation of dioxygen on silver-like sites and the coupling reactions characteristic of gold illustrate the bifunctional nature of the npAu catalyst.
The temperature at which methyl formate, methyl acetate, and ethyl acetate evolve in TPRS experiments is substantially higher than that observed on gold single crystals [16] . Calculations of the characteristic pore diffusion times in the nanoporous structure indicate that these higher temperatures observed in TPRS are not due to the effects of diffusion (see Supporting Information). These temperatures are, however, close to the temperature at which methyl formate is formed on single-crystal Ag (1 1 0) surfaces. This fact suggests that formation of the coupled products may result from the activation of adsorbed methoxy on silver-like sites, the formaldehyde then reacting with available alkoxy groups to form the coupled products. This issue is under further investigation. Similar arguments apply to the coupling products of 1-butanol, except in this case the evolution of butyl butyrate may be desorption-limited, as its temperature of formation is similar to that observed on Au(1 1 1) and is well above the temperature expected for the formation of butyraldehyde from adsorbed 1-butoxy [16] . These details aside, the TPRS studies demonstrate that atomic O adsorbed on npAu leads to the cross-coupling of methanol (and alcohols in general) in accord with the mechanism derived from single-crystal Au(1 1 1) (Scheme 1) [41] . The activation energies for both methyl formate and methyl acetate estimated from their peak temperatures (assuming first-order reactions and a pre-exponential factor of 10 13 s
À1
) are approximately 20 kcal/mol.
The high concentration of methanol needed to maximize the selectivity for cross-coupling for both the npAu in UHV and in the flow reactor agrees well with previous experiments on Au(1 1 1) conducted under the highly controlled conditions afforded by UHV [16] . Further, the relative surface coverage of the alkoxys under the steady-state catalytic conditions for the various alcohol reactant mixtures can be directly determined from the stoichiometry of the coupling reactions for both methanol/ ethanol and methanol/1-butanol systems (see Supporting Information) since other reactions channels, such as combustion, are absent (Fig. 8) . Similar methods have been applied to calculate the relative coverages of the alkoxy species in the cross-coupling reactions on the O/Au(1 1 1) surface [16] . It is evident that, for each mole fraction of methanol studied, the surface fraction of methoxy is much less than the methanol mole fraction in the vapor phase. In addition, for the same fraction of methanol of the reactant mixture, the surface methoxy fraction in the methanol/1-butanol system is even smaller than that in the methanol/ethanol case, indicating that the longer-chain adsorbed alkoxy species is stable on the npAu catalyst surface. This behavior has also been observed on the O/Au(1 1 1) surface [16] and has been attributed to van der Waals interactions on the basis of density functional theory calculations and is also consistent with the relative gas phase acidities of the alcohols [6] .
The equilibrium constant (K eq ) in Scheme 2 governing the relative concentrations of adsorbed alkoxy species during the steady-state reaction was estimated to be $10 and 30-80 for the methanol/ethanol and methanol/1-butanol systems, respectively (Figs. 8 and S12) . These values are somewhat larger than those obtained from model studies on Au (1 1 1) surfaces, where the corresponding equilibrium constants were estimated to be 5 and 10 [16] . In general, however, the results observed with steady-state reactor studies for the coupling selectivity are consistent with the mechanism developed describing the competition of reactions of adsorbed alkoxys species on Au(1 1 1) model surfaces, in which the relative population of the alkoxys is determined by an equilibrium between the alcohols in the gas phase and the adsorbed alkoxy species [41] .
Among the cross-coupling products of methanol with ethanol or 1-butanol, the selectivity of methyl esters (methyl acetate or methyl butyrate) is significantly higher than that of formate esters (ethyl formate or butyl formate). This result reflects that the selectivity of ester formation is also strongly affected by the relative facility of b-H elimination from the adsorbed alkoxys, which is generally considered to be the rate-limiting step in the oxidation of primary and secondary alcohols [17, 18, 26, [42] [43] [44] [45] . In addition, appreciable quantities of methyl formate, resulting from methanol self-coupling, are detected only at a very high methanol fraction in the reactant mixture-above 0.8 methanol for the methanol/ethanol mixtures (Figs. 4b and S6b) and above 0.9 methanol for the methanol/1-butanol system (Figs. 5b and S7b) where the methoxy mole fraction starts to exceed 0.2.
Based on the equilibrium between the fraction of surface methoxy and gas phase methanol (Fig. 8) , it can be estimated that to achieve an equal initial coverage of adsorbed methoxy and the longer-chain alkoxy (0.50), the methanol fraction in the gas mixture should be $0.9 for methanol/ethanol and $0.97 for methanol/1-butanol reactions. As such, with a mole fraction of 0.9 methanol in the methanol-ethanol reaction, the relative selectivity to methyl acetate is ca. 75% and that of methyl formate is ca. $13% (Fig. 4b) . In fact, the total selectivity to acetate products is 87%. Similarly, at 0.97 methanol for the methanol/1-butanol case (methoxy/1-butoxy $1), the relative selectivities of methyl butyrate and methyl formate formation are 76% and 24%, respectively, and the total selectivity to butyrate products is 76% (Fig. 5b) . With comparable surface coverage of the respective alkoxys, the preferential formation of methyl acetate or methyl butyrate over methyl formate clearly reflects that the rates of b-H elimination of ethoxy and butoxy are three to five times higher than that of methoxy. Moreover, it was observed that some ethyl formate ester was produced in the methanol/ethanol reaction (see ethyl formate in Fig. S4 ), but no butyl formate was observed in the methanol/ 1-butanol reaction. This indicates that the butoxy intermediate does not exist when formaldehyde is released by b-H elimination from methoxy, whereas some ethoxy does. Thus, b-H elimination is faster in butoxy than in ethoxy. Overall, the rate of b-H elimination observed on the npAu catalyst follows the order of butoxy > ethoxy > methoxy, in accord with that derived from model studies on Cu, Ag, and Au surfaces [16, 26, 42, 43, 45] . Further, initially the relative selectivity to form methyl acetate from the methanol/ethanol mixture scales roughly linearly as the methanol mole fraction in the reaction mixture increases; in the meantime, there is a steady decrease in the selectivity for ethyl acetate formation (Fig. 4b and S6 ). This result indicates that acetaldehyde formed from adsorbed ethoxy preferentially reacts with surface methoxy intermediates, which are not undergoing further b-H elimination to formaldehyde, which would react with ethoxy to yield ethyl formate. This result provides further evidence for the higher rate of b-H elimination in ethoxy than that in methoxy. Similarly, the rate of b-H elimination in butoxy can be deduced to be higher than that in methoxy on the npAu catalyst.
While it might be expected that the TPRS results obtained on the npAu catalyst could parallel the results observed on model Au(1 1 1) surfaces [16] because of the similarity of the experimental procedures used, the substantial similarity to the dependence of the selectivity on reactant composition observed under ambient pressure conditions to the single-crystal work is less expected and quite striking. There are, however, important differences in the product distributions observed in these cases. For example, acetaldehyde was not detected in the methanol-ethanol reaction on the O/Au(1 1 1) surface [16] or in the UHV studies of the npAu reported here. In addition, CO 2 was produced from combustion in both the methanol/ethanol and methanol/1-butanol coupling reactions on both Au(1 1 1) and the npAu ingots studied in UHV, even with a limited initial supply of adsorbed atomic oxygen (0.1 monolayer). In contrast, no CO 2 was produced in the flow reactor, and the formation of aldehyde was observed in both coupling reactions even at very high mole fractions of methanol (>0.9) in the reactant mixture.
These differences are attributed to fundamental differences in the manner, in which the TPRS and reactor studies are conducted. In the UHV experiments with either Au single crystal or npAu, oxygen is first deposited on the surface before dosing the gas mixtures of alcohols. Though the initial oxygen coverage is low, it most likely forms oxygen adsorbed both in isolated sites and small regions of 2-D oxygen islands; the latter structures are known to form on both Ag and Au single-crystal surfaces [46] [47] [48] [49] [50] . On Au (1 1 1) , the 2-D oxide is known to produce combustion [47, 48] . As a consequence of these locally high oxygen coverages, aldehyde may be readily reacted to form CO 2 and water, generally via a formate intermediate [17, 26] . In the flow reactor, however, the steady-state coverage of oxygen species is very low due to the low probability of oxygen dissociation on npAu surfaces [51] and their exceedingly high reactivity with the alcohol. Adsorbed O, when formed, is rapidly removed by reaction with the alcohol to form the alkoxy species. Even at O 2 concentration of 20 vol.%, the oxygen coverage on npAu catalysts under reaction conditions is apparently too low to afford deeper oxidation or combustion to yield CO 2 .
The results described here clearly demonstrate that the oxidative cross-coupling of methanol and higher alcohols can be effectively promoted on the npAu catalysts over a wide range of reaction conditions and materials size scale, from UHV to atmospheric pressure and from macroscopic single-crystal surfaces to nanoporous alloys. The reaction behaviors, including the product distribution, as observed on the npAu catalysts in both catalytic conditions and controlled studies in UHV closely resemble those observed from the model studies on oxygen-covered Au(1 1 1) surface [16] . Most prominently, the factors that have been identified to control the product distribution in the cross-coupling reaction of alcohols on single-crystal gold surfaces in UHV are demonstrated to play critical roles in determining the selectivity of various products, especially the esters, on the actual porous gold catalysts at ambient pressure.
Conclusions
The vapor phase oxidative cross-coupling of dissimilar alcohols is efficiently promoted on unsupported npAu catalysts under both UHV and ambient pressure conditions using gaseous O 2 as an oxidant. Two factors that play critical roles in determining the product distributions, the relative coverage of the alkoxy intermediates and relative facility of b-H elimination, are found to prevail over a wide range of pressure conditions. The relative coverage of the alkoxy species of the parent alcohols, which governs product selectivity, is determined via competition for reaction sites on the catalyst. The optimum selectivity for cross-coupling is achieved at gas phase alcohol compositions far from equal. Prior fundamental studies on single-crystal gold supported by theoretical analysis demonstrate that this competition is governed by weak van der Waal's interactions between the alkyl groups of the alkoxy and the surface. The work reported here clearly establishes the importance of these weak interactions in determining selectivity in heterogeneous catalysis under working conditions.
